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AN ANATYSIS OF A HIGHLY COMPOUNDED TWO-STHOKE-CYCLE
COMPRESSION-IGNITION ERGINE

By Max J. Tauschek, Bernard |. gather
and Arnold E. Biermamn

SMARY

The results of an analysis of a compoumd two-stroke cycle,
campression-ignition engine operati ng under such condition8 that
the turbi ne delivers & large emount of the useful work of the
cycl e are presented.

Under these conditions, aspecific weight8 for the power plant

of under 1.0 pound per breke horsepower mey be obtained with

< reasoneble values of peek cylindsr pressure andt urbine-inl et
temperature. Desirable manifold pressures are in the range of 60
to 110 pounds per square Ineh absolute at au altitude of

o 30,000 feet. A pay-load = range study for an aircraft using the
power plant considered serves to evaluate the nerit of the englne
and indicates | arge increases in range over that offered by the
conventional reciprocating engi ne, which is not compounded.

INTRODUCTION

Previ ous investlgetions of the lightly conpounded recipro-
cating engine (references 1 to 8)have indlcated that the advan-
tage of good fuel economy in this type of power plant is, to a
certain extent, offset by a high specific weight. The lightly
campounded engi ne is defined as one in which the greater part of
the work of the cycle is performed by the reciprocating-engine
camponent. The reciprocating-engine component is relatively
heavy as campared with the gas-turbine component; consequently,

t he over-all weight of the lightly compounded englne is high. |t
is therefore advantageous in the compound engine for the gas
thrhine to perform as much of the work of the cycle as is con~
sistent With the atbatmment of hi & over-all efficiency. This

< arrangement results in a highly compounded engine in which the
reci procating engine performs only the work of the cycle that
i nvol ves high pressures and. high temperatures. The reciprocating



2 NACA RM No. E&LOS

engi ne can therefore be nade relatively smell, and i nasmuch a8 this
camponent represents the greater part of the weight of the compound
engline, the over-all welght of the campowmd engi ne is low.

An analysls of a compound engi ne using a spark-ignition cycle
over a Wde range of compounding is presented in reference 9. In
this enalysis, however, the degree of compounding is treated as a
dependent variable and. weight is not discussed. The analysise is
also restricted to one set of engine linits and does not consider
t he knock or preignition problems.

In reference 10, a particular came of the highly compounded
engi ne in which the power devel oped by the reciprocating engine is
equal to the power required by the compressor isanal yzed. In
this analysis, t he degree of compounding is fixed at one value for
any given set of engine limts and engine operating conditions. Imn
addition, the division of work must change to maintain the
campressor-engine power equal ity whenever the operating conditions
or engine limits are changed. Consequently, the analysis of refer-
ence 10 cannot show trend8 with division of work and cannot |ead to
conclusions regarding the effect of division of work on the
performance of the engine.

The two-stroke-cycle, conpression-ignition engine has certain
unlgue characteristics that make it especially suitable for a
highly compounded engine. Among these characteristics are

(a) The fuel -knock and preignition problens of the spark-
ignition engine are avoided

() The capacity of the compression-ignition engine for
operating with lean mixtures makes conbrol of both the turbine-
i nl et temperatures and t he Cylinder pressures feasi bl e to some
extent by varylng the mixture strength.

(¢) The high air-handling capacity ef the two-stroke-cycle
engins igof particular advantage In reducing the weilght of the
compound englne., The conpression-ignition engine is well adapted
to operate on the two-stroke cycle

(d) The absence of poppet valves in the two-stroke-cycle
engi ne cylinder makes it capable of w thstanding high cylinder
pressures.

The use of the sinple | oop-scavenged cylinder is conpli-
cated by the difficulty of scavenging such a cylinder. A uniflow-
scavenged eylinder offsets this difficulty, but such a cylinder
incur8 a penalty in engine weight end conplication
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The potentialities of the compound, two-stroke-cycle,
campression-ignition engine when the degree of conpounding is
i ncreased have therefore been analytically investigated at the
NACA Lewls laboratory and are indicated herein. Because the
performance of the highly compounded engine is dependent upon the
values asglgned to the paraneters that determine the mechanical and
thermal stresses in the engine and the efficiencies of the various
camponents in the system the performance potentialities of this
engi ne when the engine limits and camponent efficiencies are varied
are also shown.

METHODS OF ARALYSIS

The engine used in the analysis comprises a two-stroke cycle,
campression~ignition engi ne, a campressor, and a turbine geared to
a common shaft (fig. 1). Initial compression takes place in a
di ffuser and the compressor; final compression, addition O fusl,
and initial expansion occur in the camponent reciprocating engine.
Fi nal expansion occurs in the turbi ne and the exhaust nozzle. The
degree of compounding i s determined by the amount of compression
and expansi on teking place in the component engine relative to that
whi ch occurs in the compressor and the turbine.

Per formance Anal ysis

The engine was assumed to operate in WACA standard at nospheric
conditions at a flight speed of 400 niles per hour. Except where
specifically stated, an altitude of 30,000 feet was assumed. Full
rem temperature ri se and 90 percent of the avail abl e rem pressure
rise at the inlet to the conmpressor were aseummed, and Jet thrust
from the turbine exhaustwas neglected to reduce the nunber of
veriables.

The following t abl e shows t he i ndependent veriebles
consldered and the ranges through which they were assumed to vary:
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Range .
Vari abl e Baslc values| considered

Peak cylinder pressure, |b sq in. abs. |1200, 1600 | 1000 - 2000 -
Turbine-inlet temperature, °R 1860, 2260 | 1400 - 2400 2
Mani f ol d pressure, 1b/sq i n. abs. 60, 110, 160 20 - 200 &
Altitude, feet 30,000 0 - 50,000
Compressor efficlency 0.85 0.60 - 0.93
Conponent - engi ne thermal efficiency Standard® | 0.60 - 1.05

X 'standard
Tur bi ne efficiency 0.85 0.60 - 0.93

8Standard camponent-engine ef ficiency is that defined by the data
of fig. 2.

The baglc values are the velues at which each vari abl e was hel d
fixed while the other variables were wvaried.

Component engine. - The component englne wes assumed to
Operate on a limited-pressure combustion cycle. A search of data
on compresslon-ignition engi nes indicated that the ratio between
the cambustlon pressure and the compression pressure could be
expressed as a linear function of a cylinder fusl-air ratio. The
lineax function chosen for this analysis is shown in figure 2.
This rel ati on was subsequently used to calculate peak cylinder
Pressures in the camponment engi ne. Because t he component-englne -
i ndi cat ed thexmal efficlency is relatively unaffected by changes
i n inlet-manifold temperature (Or temperature at end of compression),
the effect of variations of this temperature on component-engins
efficiency was neglected

The efficiency data in figure 2 were obtained by compubtingan
1ldeal efficiency for the chosen cycle and subsequently correcting
this ideal efficiency to an actual value. In carrying out thls
procedure, the nethods of Hersey, Eberhardt, and Hottel (ref-
erence 11) were used for the rich mxtures, and an air-cycle
anal ysis was used for the lean-mixture points. Allowance was made
for the presence O reslduals in the Cylinder. An indicated
basiswas used to permit a correlation with four-stroke-cycle
data. The resultant efficliency data were then correlated with the
data of referemce 12. The factor used to correct the data varied
linearly wilth fuel-air ratio andwaswei ghtedw th respect to com-
pression ratio. The nmethod of correction is discussed in greater
detail (in the notation of appendix A) in appendix B.

Turbi ne. = The turblne-inlet temperature was determined by
means of a heat balance across the engi ne with an assumed heat .
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| oss of 18 percent of the heat input of the fuel. The turbine-
inlet temperature and the turblne work weres evaluated by Mollier
charts of the thermodynemic properties of exhaust gases, plotted
fram the data of reference 13.

Performance limlts. - The chi ef limitations on t he performance
of the engine were teken to be peak cylinder pressure and turbine- °
inlet tenperature. A graphical solution was used to find values
of fuel-air ratio and compression ratio that would result in the
deslred turbine-inlet temperature. Consequently, the anelysis
was nade wilth conpression ratio a8 the independent veriable but
i1s reported with turbine-inlet temperature 38 a parameter.

A third limitetion Influentisl in fixing the enginse perform-
ance i s nean piston speed. Because Increases in piston speed are
Jargely acccampanled by increases in scavenging pressure drops end
friction | osses, piston speed in this analysis was hel d constant
at 2400 feet per mnute.

A sumery of the equations used in evaluating the perform
ance of the compound engi ne 1s presented in appendi x B.

wei ght Anelysis

A dimensional analysis was made on each component of the
campound englne t o establish weight equations for that component.
The constants of the resulting expressions were eval uated by a
camparison with unpublished data from current reciprocating,
turbojet, and turbine-propeller engines and turbosuperchargers.
A1l Weight8 (the installed welghts Of the power plant without
propeller) were cal cul ated for au engine of 3000 brake hor se-
power .

The wei ght of the compomsnt engine was set up a8 a functlon
of the peak cylinder pressure and displacenent and, for a given
cylinder pressure and displacenent, was 30 to 40 percent greater
then that of a comparable spark-lgnition engine. This increase
was deenmed nscessary to allow for the additional weight incurred
in the use of the two-stroke-cycle, uuiflow scavenged cylinder.

For the conpressor and turbine components, the wei ght was
assumed to be a function o the. volumetric flow rate and. the
pressure ratio. The weight of the propeller- and turbine-
reduction gears was taken to be proportional to the horsepower
transmitted. Radilator weights were expressed as a function of
the fuel flow.
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The equations Used in this part of the analysis are summarlzed
in appendix C.

Pay-Load - Range Analysis

In evaluating the performance of the engine as installed in
an aircraft, the pay-load - range analysis of reference 14 was
used. A wing loading linmted to 60 pounde per square foot was
selected. A Propeller specific weight of 0.5 pound per brake
horsepower and an engine frontal area of 14.72 square feet were
used. Al| other assumpbtlons pertaining to the aircraft are as
given in reference 14.

RESULTS AND DISCUSSION
Ef fect of Degree of Compounding

In en examlnation of the over-all performance of the two-
stroke-cycle, compression-ignition compound engine, investigation
of the nethods whereby | ow specific weights may be obtained is
particularly desirable. Obviously, one way of acconplishing this
conslderation is to increase the degree of conpounding of the
engine. This increase is nosteasily attained by raising the
manifold and exhaust pressures of the component engine and at the
same tine so decreasing the compresslon ratio and the fuel-air
ratlo as to permlt consistent values of cylinder pressure and
tur bi ne-i nl et temperature. | n this manner, t he temperature ratio
across the compressor and the turbine, relative to that occurring
Wi t hin t he component engine, is i ncreased.

The variation in Specific output (thp/cu in. of tota
cyl i nder volume above the porte), specific air flow (1b/(br)
(cu in. of total cylinder volume above the ports)), and specific
air consumption (1b/bhp-hr) when the degree of compounding is
altered at an altitude of 30,000 feet is shown in figure 3. The
anount of compounding is indicated in figure 3 by the manifold
pressure shown as the abscissa. As the manifold pressure is
increased, t he specific air flow through the reciprocating englne
is increased. Leaning the fwel m xture, however, causes an
increase in the specific air consumption. Immedlately, t he
question arises as to whether the increase in air capacity 1s
sufficient to offset the increase in specific air consumption.
This question 1s answered by the specific-output curve of figure 3,
which initially rises quite rapidly and reaches a peak value.

1065
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Beyond the val ue of manifol d pressure corresponding to this peak,
the specific air consumption increases more-rapidly than the air-
flow rate, which causes a reduction in specific output.

It has been Intimated previously that the weight of the
reclprocating component engine is influential in fixing the
Wi ght of the compound engine. In other words, the weight of the
component engine ls large compared with the combined weight of
t he turbine and campressor components. |f this relation is true,
the wei ght of the compound engine per cubic inch of component~
engi ne-cyl i nder wolume should not vary too much with the degree
of compounding. Data to illustrate this point are shown in
figure 4, in which the weight of the compound engine per cubic
i nch of component-engine-cylinder volunme is plotted as a function
of manifold pressure. The increasing magnituds of this variable
as the menifold pressure is increased is, of course, caused by
the increase in the weights of the turbine, the conpressor, and
the turbine-reduction gear.

The date of figures 3 and 4 show the fundsmental reason
vwhy the highly compounded engine is lighter on a specific-welght
basls than the lightly compounded engline. Because the quotient
of the wvelues of weight per unit cylinder volume and power per
unit cylinder volume is specific weight in weight per unit of
power, it i1s obvious that the specific weight will decrease when
the algebraic rate of change of the specific output with a change
i n operating conditions is | arger then the algebreic rate of
change of engime weight per unit of cylinder volume. The data of
figures 3 and 4 show that an increase in the degree of compounding
satisfies these conditions.

Specific output, specific weight, and specific fuel consump-
tion are plotted in figure 5 as functions of the degree of com-
pounding, agai n represented by manifold pressure. The degree of
campounding is al so given for this range of nanifold pressure. The
degree of compounding i s defined as the turbine work Givided by the
sun of the engi ne and turbine work. Thus, a value of zero repre-
sents an ordinary reciprocating engine wthout a turbosupercharger
and e velue of unity is a turbinevpropeller engine. These curves
show thet operation in the region of minimum fuel consumption and
engins welght occurs arcund a manifold pressure of 60 poumds per
squere i nch absolute for the | ower 1imits and around 110 pounds per
square inch absolute for the higher limts. The degree of com-
pounding for operation at these manifold pressures increeses W th
t he engine limits.
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The fuel=-consumption curves of figure 5 reach a minimm val ue
at noderate values of manifold pressure. Because the turbine-inlet
tenperature is constant, increases in the manifold pressure incur a
ri se in turbine pressure ratio and thus an increased enerzy
recovery in the turbine. Increasing the manifold pressure at con-
stant engine limts, however,reduces the expansion ratio in the
component englne. This expansion ratio varies from a maximm vaelue
of about 18 at the |lower manifold pressures to a mnimum of about
4 at the higher manifold pressures. The sum of these effects
causes the fuel consumption to decrease initially and then increase.

The data of figure 5 indicate that the highly compownded
engine is capable of operation at brake specific fuel consumptions
of the order of 0.32 pound per horsepower-hour and specific weights
bel ow 0.8 pound per brake horsepower. These values are for a peak
cylinder pressure of 1600 pounds per square inch and a turbine-

i nl et temperature of 2260° R

In figure 6 the work of the various components i S shown as a
function of manifold pressure for the data of figure 5. These
variations in camponent work |ead to the division of work shown in
figure 5. The point at which the engine and compressor work curves
I ntersect corresponds to the operating point of a gas-generator
engi ne of the type discussed in reference 10. This point occurs at
amanifold pressure of 75 pounds per sguare inch absolute for the
| ower engine limits (fig. 6(a)), and at 100 pounds per square inch
absolute far the higher linmts (fig. 6(b)).

L

Ef fect of Altitude

The performance of a highly compounded engine is shownasa
function of altitude for three values of manifold pressure in
figure 7. These data show that up to about 30,000 feet, a change
inaltitude has little effect on the specific weight of the engine.
At the seme time, a pronounced decrease in fuel consumptilon is
noted as the altitude of operation is increased. This decrease is
a result of malntaining a constant limiting cylinder pressure. The
over-all pressure ratio of the compound engine thus increases in
direct relation to the reduction in anbient pressure with altitude,
which results in a |ower fuel conswmption.

The specific output decreases slowy up to about an altitude of
35,000 feet and then drops nore rapidly as the altitude is increased
further. Both the specific air flow and specific air consunp-
tion decrease as the altitude of operation is increased, and
these two variabl es tend. to campensate each other and maintain an
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essentially constant specific output. Above 35,000 feet, however,

t he ambient-air temperature reaches a constant value. As a result,
the specific air consumption decreases at a slower rate and the
specific air flow decreases at a higher rate with further altitude
increases, and 80 the sl ope of the specific~output curve changes.

Ef f ect of Component Efficlencles

Compresgor efficlency. = The i nfluence of compressor effi -
ci ency on over-ell engi ne performance atanaltitude of
30,000 feet is shown in figure 8. Specific fuel consumption is
nmore or less independent of the compressor efficiency because inef-
ficlencies in t he compressor are partly recovered by the turbine
that follows in the cycle end because scme compression tekes place
in the component engine. The speciflic weight and t he specific
out put, however, show a more marked variation for changes in
campressor ef ficiency.

ure 9, the perfomance of the com;pound engine at anal titude of
30,000 feet 1is given a8 a function of relative thermal efficiency.
Relative thermal efficiency is defined as the ratio between the
actual thermal efficlency of the reciprocating engi ne and that
defined by the date of figure 2. Here again, the same general
effects are noted a8 for inefficlencies occurring in t he compressor.
The specific fuel consumption varies slightly with wi de change8 in
rel ati ve thexmal efficiencies, whereas the variatlion |in gpecific

wei ght and specific out put is again more predominant. .

Turbine efficigncy.~ Assrd.ght be expected, the variation of
engi ne pexrformance with turbine efficlency at 30,000 feet (fig. 10)
is rather marked. Because in the highly compounded englne a large
portion of the work of the cycle is performed in the turbine,
change8 in turbine efficlency are critical wlth respect to over-all
engi ne performance. Figure 1C indicates that a change in turbilne
efficiency from 70 to 90 percent decreeses the fuel consumption
about 22 percent at a manifol d pressure of 110 pounds per square
inch absolute. The corresponding change in specific weight is
about 13 percent, and that in specific output 25 percent.
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Vari ati on of Englne Performance with
Engi ne Operating Limitatlons

Fi gure8 11 t 013 show engine performence at an altitude of
30,000 feet as a function of the engine operating limits, peak
cylinder pressure and turbine-inlet temperature, for three
mani f ol d pressures.

The general effect of ralsing the engine limits, a8 shown by
t hese curves, is t o increase t he performance of the englne. The
specific output (fig. 13) and the specific welght (fig. 12)
generally improve wlth increases in either or both of the engine
limits. Figure 11, however, shows that the specific fuel con-
sumption passes through e minimm value with varilable turbine-
inlet temperature. The shape of these curve8 is |nfluenced by the
megnitudes Of the compressor and t urbi ne efficlencles and t he
mani f ol d pressure. At low values of turbine-inlet temperature,
the effect of compressor efficiency is predominant; whereas, at
high values of thls temperature, the turbine efficiency is nore
influential in determining the fuel consunption.

An inspection of a composite figure of figure8 11 to 13 for
t he various manifold pressures shows t hat the surfaces for specific
fuel consumption and specific welght for the different menifold
pressures Intersect. The general effect la foropti mum operation
to occur at higher manifol d pressures as t he engine 1limlts are
increased.

The dat a shown in these figures indicate that the desired
engi ne performence may scmetimes be obtained with several combin-
ations of limite. Thus the daifficulty of operating with a high
turbine-inlet temperature might be welghed against the prop| ens
encountered in using high peak cylinder pressures. The presence
of a third variable, that of nmanifold pressure, further compli-
catea t he situation. The selectlon of the best engine limits,
therefore, requires a delicate compramise involving the appli-
Cation of the engine, the probable cost of development, and the
required operating reliability of the conpound engine.

Effect of Engine Limt8 on Aircraft Performence
Speci fic weight and specific fuel consunption al one do not

determne the merit of an engi ne unless some mesns is avail abl e
to ascribe the proper importence to each. ' Such a neans 1is
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afforded by an analysls of the performance of the atrcraft in which
the engine is used. For the present purposes, pay-load -carrying
ability at long range was selected as the criterion of excellence
inasmuch as t he highly compounded engine is proposed mainly for

| ong-range £light.

The effect of engine limits, peak cylinder pressure, and
turbi ne-inl et temperatuwre on t he disposable~load - gross-welight
and initial-fuel-rate - gross-weight ratios of s typlcal transport-
type aircraftl18 shown 1ln figure 14. The analysis and t he assump-
tions | eadi ng to these data were taken from reference 14; an
engi ne frontal areaof 14.72 square feet and a propel | er specific
wei ght of 0.5 pound per brake horsepower were asswmed. The param
eter K may be defined as the ratio of average %o initial fuel
rate per mile per ton of initlal gross weight. These curve8 provide
a means of evaluating the rel ati ve importance of the engine limits
a8 they influence the performance of the alrcraft in which the
engi ne is wsed. FoOr exemple, figure 14 show8 that a8 far a8 ulti-
mate range is concerned, there are many comblhations of peak cyl-
inder pressure and turbins~-inlet temperature that result in the
geme valus of wltimate range. When a large pay load is to be
carri ed, however, the data show t hat the higher turbine-~inlet
temperature should be favored.

Fi gureld4 shows that increasing the peak cylinder pressure
results in an increase in the ultimate range. This effect occurs
through a reduction in the initial -fuel-rate - gross-welght ratio,
although i n almost every casme, slight Increeses in the dlsposable-
| oad. - gross-weight ratio are also present. This increase in
ultimate range i ndicates that an increase in cargo loed at a given
range may be obtalned by operating at higher cylinder pressures.

Maximm ultimte range 1s obtained at a given value of
turbine-inlet temperature for each manifold pressure ani decreases
when the tenperature is changed. Maximum ultimate range for any
given cylinder pressure occur8 at the point where the range |ine
and constant~cylinder-pressure line are tangent in figure 14. The
turbine-inlet temperature at this point wvariles from about 1700° R
at a manifold pressure Of 60 pounds per square inch absolute to
about 2200° R at 180 pound8 per squere inch absolute. The magni-
tude of the peak cylinder pressure also has a small effect on the
location O this optimum point.

Increasing t he turbine-inlet temperature in all ceses ralses
t he disposable-load - gross-welilght rati 0. Temperatures above the
opt i mum temperature for meximm ultimate range are therefore
desirable for operation with large cargo loads.
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The pay-load - grosa-welght retio, taken from figure 14, 1s
plotted against turbine-inlet temperature in figure 15 for a peak
cylinder pressure of 1600 pounds per sguare |nch. The peaks in
these curve8 indlcate optimm turbine-inlet temperature for maxi-
mum cargo capacity, and the dashed |ine comnecting these peaks
therefore represent8 the optimum variati on of turbine-inlet
temperature with aircraft range. A8 the range Increases; t he
optimm turbine-inlet temperature decr eases fram a value correa-~
ponding to that for the maximmm disposable-load - gross-welght
ratio to a val ue corresponding roughly to that for the minimm
initiel-fusl-rate - gross~-welight ratio.

The date in figures 14 and 15 show that the highly com-
pounded englne i s capabl e of operating at ultimate ranges up to
10,000 miles (fig. 14) and at pay-load - gross-welght ratios a8
hi gh as 0.475 at short range8 (fig. 15). Reasonably hi gh velues of
engine limits are imperative, however , in order for the engine to
approach this performance.

For the interpretation of the range and cargo-capacity values
cited. for the highly compounded engine, the performance of an
aircraft powered with a conventional turbosupercharged recipro-
cating engi ne was calculated. This conventional engi ne was assumed
to have a specific weight of 2.0 pound8 per brake horsepower
installed but without a propeller and a specific fuel consumption
of 0. 45 pound per Wakehor sepower - hour. The resultant values for’
this aircraft = power-plant combination'were an ultimate range of
5500 nile8 and a pay-load - gross-weight ratio of 0.36 at short
range. Thus the highly compounded engine provides about double the
range and about 30 percent greater cargo capaclty than the nore
conventional engine. As the range increases, the ratio of cargo
capacltles for the two aircraft increases in favor of the aircraft
powered by the highly compounded engine, reaching infinity at
5500 mile8 range.

CONCLUSIONS

From an analyele of a highly compounded two-stroke-cycle,
campression-ignition engine, the foll owi ng conclusions nay be dxrawn:

1. The hi ghly campounded engi ne is capabl e of operatingat a
specific fuel consumption of the order of 0.32 pound per brake
hor sepower - hour and a specific weight of the order of 0.8 pound per
brake horsepower, with reasonabl e val ue8 of peak cyI i nder pressure
and turbine-inlet t enperature.

1085
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2.Desirabl e manifold pressures are in the range of 60 to
110 pounds per square inch absolute at an altitude of 30,000feet.

3. The yperformance potentialities of t he highly compounded

engine are improved as pressure and temperature limitetions are
i ncreased.

4. Moderate inefflciencies in t he component compression-
ignition engine and in the compressor can be tolerated in the

hi ghl y compounded englne because these losses are partly recovered
by the turbine that follow8 in the cycle.

Lewls Flight Propulsion ILsboratory,
National Advisory Committee for Aeronautics,
Cleveland, Ohi o.
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APPENDIX A

SYMBOLS

The fol | owi ng symbols are used in appendixes B and C

®p,ec

F/A
(F/A)
He

H

Hpy

by

=

speci fic heat at constant pressure of compressor
air, 0.243 Btu/(1b)(°R)

over-all fuel-air ratio

fuel-air ratio in cylinder of conponent engine (burner)
enthal py of gases entering turbine, Btu/lb

enthal py of gases leaving turbine, Btu/1b

enthal py of air entering componment engine, Btu/lb

| ower heat of combustion of fuel, 18,500 Btu/1b fue

mass flow of air through engine, 1b/(sec)(cu ft of
cylinder volume above ports)

speed of component engine, rpm

ram pressure of air at entrance to compressor,
1b/sq in. abs.

campression pressure of component engi ne (burner),
lb/sq in. abs.

exhaust back pressure of component engi ne (turbine-
inl et pressure), 1b/sq in. abs.

inlet-manifold pressure of camponent engine, 1b/sq in. abs.
Peak combustion pressure of component engine, 1b/sq in. abs.
pressure of anbient air, 1b/sq in. abs.

heat 1088 of component engine, Btu/lb of air entering
engi ne

scavenging ratio - ratio of weight of fresh charge
delivered to component-engine cylinder per cycle to
product of inlet density and total cylinder volume
above port8

1065
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r compression rati 0o of component engi ne

Tq, temperature of air at entrance to compressor, OR

Te tenperature of gases entering turbine, °R

Tn temperature of air entering component engine (burner), OR
To tenperature of anbient air, °R

Y velocity of flight, mph

Vo, volume flow O air into campressor cu ft/sec

3 total piston displacement of compoment engine (burner),

cu in.
v, volume flow into turbine, cu ft/sec
W ae wei ght of engine accessories, |b
Wy, wei ght of component engine, Ib
c Wi ght Of compressor, | b
Wpr wei ght of propeller reduction gear, | b
- wei ght of radiators, I b
W welght of turbine, | b
Wi wei ght of +turblne reduction gear, |b
W brake output of conponent engine (burner), Btu/1b of
air entering engine

Ve canpressor work,B‘bu/l'b of air enbterling engi ne
vy net wor kof  compound engine, Btu/lb of air enteri ng engine
L turbine work per pound of air, Btu/lb

My i ndi cated t hernal e:E':E;iciency of component engine (burner)

Mg adlgbatic efficlency of compressor



Tor

NACA RM No. ESLO9

efficiency of propeller reduction gearing, 0.97

scavenging efficiency -~ ratio of weight of fresh charge
contai ned i n camponent—-engine cylinder at tine of
port closing to product of inlet density and tota
cylinder volume above ports

adi abatic efficiency of turbine, total to static pressure

efficiency of turbine reduction gearing, 0.97
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AFPENDIX B

ANATYSIS OF COMPQUND- ENGl NE PERFORMANCE

The following equatlions were used to0 estimate the performence
of the two-stroke~cycle campound engi ne;

Ram pressure and temperature. - The ram pressure and

temperature in the diffuser duct leading to t he compressor inl et
with a 90-percent ram-pressure-rise recovery are expressed by

1.79( v 213.5
en(fore@] ) w

2
= v B2
Tg = T + 1. 79(100) (B2)

Compressor calculations. - The performance of the compressor
on the basis of work done per pound of air handled can be expressed by

'W’O = Op’c <Tm,-T8) (BS)

o K?f) - 1] + Ty (B4)

Scavenging ratio. - Analysis of dabta from experimental and
producti on two-stroke-cycle engi nes indicabes t hat the two-stroke-
cycle cylinder can be replaced by an equivalent orifice with respect
to air flow through the cylinder. |In the range of operation
consi dered, the air flow through the unifliow cylinder chosen for this
enalysiscan then be represented by t he equation

R, =k 4/(1 -2 /B )T (85)

wher e

e m" m

where k is a constant that includes the area and the discharge
coefficient of the equivalent orifice and also includes conversion
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constants to make.the units consistent. The value of’k is really
a function of piston speed; however, because in this analysis piston
speed 1s hel d constant, the value of k remains unchanged. Eval u-
ation of this constant by use of experinental data from au engi ne of
the type chosen for this analysis resulted in the equation

Ry = 0.0981a/(1 - B /B )T, (B8)

In the present analysis, the value of the scavenging ratio Rg
wes fixed at 1.3. Equation (B6) may then be rearranged to permit
a cal cul ati on of the exhaust-pressure - manifol d-pressure ratio and
subsequently the exhaust pressure.

Scavenging efficiency. - Analysis of data frem a uniflow, two~
stroke-cycle engine (reference 9) indicated that the scavenging
efficiency of this type of engine could be related to the scavengi ng
ratio by the equations

"‘Rs)
ng =075 R +0.25(1~e (87)
wher e
Ry S 1.0
and
( 'Rs)
Ng = 0.75 + 0.25'1 ~ e (B8)
where
R, Z 1.0

Over -all fuel-air ratio. - The over-all fuel-air ratio can be
expressed by the relation

F (F/A)'bns
AT T

(B9)

Efficiency of component engine. - A uniflow, two-stroke-cycle
compression-ignition englne was used as the component engine for
this analysis. Because this englne nust operate over a w de range
of conpression ratios and fuel-air ratios, an analytical or
graphi cal relation between the engine indicated thermal efficiency
and the fuel-air ratio, conpression ratio, and ratio of peals cam
buation pressure to compression pressure i s convenlent.
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A limited pressure cycle was chosenr for the camponent engine
and the rate of combustion was assumed to be a linear function of
the cylinder fuel-air ratio such that the rati o of peak combustion
pressure to compression pressure was a maximm of 1.5 at a fuel-air
ratio of 0.0678 and. 1 at a fuel-air ratio of 0. Thus

.5 (F/A
P = Py, [1 Lb_] (B10)

<+
max 0.0678

By this relation, the theoretlecal indicated thermal efficiency of
the conponent engine was conputed. on a fuel-air-cycle basie for the
ri cher mixtures (0.05 to 0.06775) from thermodymnamic chart8
according to the nethod8 of reference 11 and on an air-cycle basis
for the very | ean fuel-air ratios.

Rich-mixture data taken on a compression-igniticn engi ne
(reference 12) operating at the same condition8 of fusl-air ratio,
compression ratio, and ratio of peak ccmbustion pressurs to cam-
Presslon pressure were used to correct the theoretical indicated
thermal efficiencies to actual thermal efficiencies. Because data
were available for only one operating point, correction8 for any
ot her point were made on the assumption that the deviation of the
actual from the theoretical thermal efficiency was proportional to
the fuel -air ratio and the absol ute magnitude of the point to be
corrected.

Curves of actual indicated value8 of thermal efficiency Ty a8

a function O fuel-air ratlo and compression retlo are shown Iin
figure 2. The brake output in Btu per pound of air entering the
engi ne, with a mechanical efficiency of €0 percent assuned, 1s then

w, = 1{F/A) (18,500)(0.9) (B11)

The value of M. is determined fram figure 2 at the engine com-
pression ratio used and the fuel-air ratio existing in the engine
cyli nder.

Turbine-Inlet pressuxe.- The pressure at the intet of the
turbi ne may be expressed by the equation

2
R
ro-ma[3 e (o) @12
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b - t ra . = If the component englne 1g lso-
lated and treated as a steady-flow nachine, the enthal py of the
gases entering; the turbine may be found by a sinple heat bal ance:

_ By + hb (F/A) - Q - wy
He = T (F/R)

The heat loss of the component engine @ in Btu per pound of air
may be expressed a8 a percentage of the heat input. Data from
reference 15 may be interpreted to indicate that the heat loass ia
approximately 18 percent of the heat input, so that

. B, +h (p/a) (1L - 0.18) - vy

(B13)
© 1+ (FIA
Thermodynamic charts were prepared from reference 13, from
which Te may be read. at the computed val ue of Hy.
Turbine caelculations. - The turbine work per pound of air
entering the engine may be expressed by
= - - Bl4
w,o=a [+ m)] & -5) (814)

where H, is the enthal py of the gases |eaving the turbine after
100-percent-efficient adi abatic expansi on t 0o atmospheric rressurs
and may be found from the thermodynamic charts.

Total work pexr poupd of air. - If' the work of the turbine is
greater than the work of the compreasor, the total work of the
compound engine per pound of alr entering the engine is

wn = 'qpr [wb + Tltr (w_b - wc)] (BJ-S)

| f the campressor work lis greater than the work (O the turbine, the
total work per pound of alr is then

W v
w._ =1 (w + w2 C (B152)
n Pr\ b Tltr

Brake specific fuel coneumption. - The brake specific fuel
consumption of the compound engine i s expressed by

1065
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befc = 28 \F (B16)
wn

- The weight flow of alr entering the
campound. engi ne in pound8 per second per cubic foot oftotal volime
above the ports i1s

wep K (1 (B17)
8 60 53.3 T,

Net brake horsepower ver cubic inch. - The output of the com-
pound engi ne expressed in brake horsepower per cubic inch of total

volume above t he ports is

_bbp - m % J18 ¢ L (B18)
ou in. "0 ” 550 ~ 1728

clfic air consumptlon.- The brake specific air
consumption of the compound engi ne can be expressed by

bsac = (E Ac (B19)

Specific air flow. - The specific air flow, in pounds per hour
per cubic inch, of the compound engine is

saf = (bhp/cu in.) bsac (B20)
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APFENDIX C .

ANALYSIE OF SPECIFIC WEIGHT OF COMPOUND ENGINE

1065

The specific wei ght8 in this analysis are ccmputed for acom
pound engine having a rating of 3000 horsepower at an altitude of
30,000 feet. The component engine 1s assumed to operate at 2400 rpm
and the |inmting condition8 of peek cylinder pressure and turbine-

i nl et temperaturearegivenfor each set of operating conditions.

The specific Weight of the engine at each operating point is
determined by estimating the welght of each component, addingthe
welghts, end dividing by the rated 3000 horsepower. The results
are then presented in pounds per horsepower.

Component engine.- *nalysis of data giving the weights of the

bower sectlons of wvarious production-type reciprocating engines

i ndi cated that the welght of an engi ne of given piston displacement

woul d consist of (1) a baslc frame wei ght, which would exist even

t hough gas forces on the plstons were zero, (2) a factor to take

into account the geas force8 on the pilatons, and (3) weight8 of -
accessory parts such a8 the gemerator, starter, pumps, fuel injec-

tors, and tubing. The equation of total engine welght then take8

t he form: v

Wb = (kl * kz Pma.x) b + Wa.cc

Fram comsideration of data from curremt engi nes and from
reference 16 and withthe wei ght ofaccessories assumed at approxi-
mately 200 pounde, t he constants k.L and ]:2 may be evaluated so
t hat

0.5 Pm b
Wy = <0.5 +._1W- T + 200 (Cl)

If the ratio of ccmpression ratio based on the vol une above the

port8 to the compresslon ratio based on the total piston displacement
is assumed to be 0.8, the total plston displacement vy MRy be

cal cul ated frem the equation

_ 3000 ;-o.e) o2
b = thp/eu in. 1'25< r (c2)
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Compressor and turbine weights. - Analysis of data on current

campressors and turbine8 indicate8 that the weights of these flow
machines cousist Of: (1) a basic frams weight, (2) a factor that
take8 into account the wvolume £flow, and (3) a factor that account8
for the mumber f pressure stages required.

D mensi onal . analysis shows that, on the basisof constant
velocity into the flow umnit, volums flow through the unit is pro-
portionalto the di aneter squared and weight of the unit is pro-
portional to the dlameter cubed. Thus the weight of the flow
machine is a function of the volume flow to the 1.5 power. Further,
insemuch as the welght of the compressor or turbine is proportional
to the nunber of stages required and the total pressure rati o across
the unit isequal to the product O the pressure ratlos across each
stage, the Wight of the compressor or the turbine is a function of
the log of the total pressure ratio.

A8 a result of evaluating the constants in the equation

rel ati ng these parameters by means of data from current compressors
end turbines, the weight O the compressor is expressed by

1-5 Pm
W, =75 + 0.0353 v, 10310( P;)' (c3)

and the weight of the turbine is expressed by

W, =36 +0.042 vl 10g

ls°

10 (c4)

Hd

0 ©

The volwme flow entering the compressor, expressed in cubic
feet per second at campressor=-inlet conditions, is

P T
v m——3000 L . E x_Bx_&
a bhp/eu in. ” 17287 60 T Py

(cs)

and the volume flow entering the turbine, expressed in cubic feet
per second at turbine-inlet conditions, is

3000 1 RS
v

- X
e bhp/cu in. X 1728 * B0

x g2 (1+L) (c6)

w{

Ch
(]
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Welight éxrreduction gesrs. - An examination of data on current
turbine-engine reducti on gears showed that their weight could be

expressed as a fraction of the horsepower transmitted. Thus the
wei ght of the propeller reduction gear of the campound engi ne 1s

W = 0.15 X 3000 (c7)
pr

and the welght of t heturbi ne reduction gear of the campourndl engine
1s

P
Wy = 0. 7783000 1 _Bal 144 “m (cg)
tr 15 (v¥ Lo Bhp/ou in. 1728 60 53.3 T

Welght of radiatormg. -~ The entire heat rejection of the com-

ponsnt engi ne, which includes heat rejected to the coolant and to
the lubricating oil, was assumed to be delivered to one set of

radi ators. Radiators having capacities of 6000 Btu per mnute per
square foot of area per 100 F of indtial tenperature difference
and weilghts of 20 pounde per square foot of area were used in the
calculations. Wth a total heat rejection of 18 percent of the
fuel Input to the engine and an average cool ant temperature of
250° F, the weights of the radiator will then be

W, = 30.000 60X befc .. 0.18 6000X X 18,500 X 20 X 100
(zso+460-T;)

or

W, = bsfc X X 00 (c9)
» = bsfc X 555 T?‘:]i“cﬁ:f

Specific t of . = The specific wei ght of

t he compound engi ne can then be expressed by the equation

Wb +-W6 +-Wt +-Wpr *'Wtr + W
3000

(c10)

specific weight =
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Poak cylinder pressure
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in analysis,
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Specific air flow, 1b/(hr)(cu in,),
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Figure 3, = Effect of manifold pressure on specific air flow and
specific air consumption of conpound engi ne and resultant effect8
on specific output of ecompound engine. Peak eylinder pressure,
1200 pound8 per square inch; turbine-inlet tenperature, 1860° R
altitude, 30,000 feet; flight velocity, 400 miles per hour
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Specific weight X specific output, 1b/cu in,
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Specific fuel consumption, 1b/bhp
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Plgure 11. - Concluded.
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(b) Ranifold presaure, ilo pounds per aquare inch rbaolute.

Pigure 12. - Continued. Effect Of englne limfta QN specific wei ght of compound engj ne at
Fhr ee val ues of meniford pressure. Altitude, 30,000 feet; riight velocity, 400 MM |es per
hour. (Dashed 1inea represent constant or di nat e values.)
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- {b) Manifold pressure, 110 pounds per square inch absol ute.

Figure 13. - Continued. Effect of engine limits ON specific OUt pUl of ecompound €NQi NE at
ﬁxﬁee values of manifold pressure. ﬂ ti tUdte, 30,000 feet; flight velooity, 400 miles
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